Abstract-A low-voltage receiver front-end for 5-GHz radio applications is presented. The receiver consists of a low-noise amplifier (LNA) with notch filter, a voltage-controlled oscillator (VCO), and a mixer. The LNA/notch filter has an automatic -tuning circuit integrated with it to provide good image rejection. On-chip transformers are used extensively in the receiver to improve performance and facilitate low-voltage operation. The receiver has a gain of 19.8 dB, noise figure of 4.5 dB, a third-order input intercept point (IIP3) of 11.5 dBm, and an image rejection of 59 dB, and the VCO had a phase noise of 116 dBc/Hz at 1-MHz offset.
I. INTRODUCTION
R ECENTLY, there has been much interest in monolithically integrated receivers for wireless local-area networks, such as 802.11a WLAN. Two of the most challenging components are the voltage-controlled oscillator (VCO) and image filter. Creating a band stop filter on chip is complicated by the need to -tune it for best image rejection. In addition, low supply voltage makes VCO design more difficult due to limited headroom. In this paper, we present a prototype design for a lowvoltage low-power receiver with on-chip VCO and notch filter. Performance at low supply voltage is enhanced through extensive use of on-chip transformers.
The receiver consists of a low-noise amplifier (LNA) with coupled resonator for image rejection, a low-voltage mixer, an on-chip local oscillator, and a -tuning circuit for the filter, as shown in Fig. 1 . Together, they form a superheterodyne receiver front-end. In this paper, the local oscillator (LO) is high-side injected, which places the image frequency above the LO frequency. The design for each circuit will be discussed next. The design of the LNA and notch filter is discussed in Section II, followed by discussion of the VCO in Section III. The mixer is discussed in Section IV and the transformer in Section V. Experimental results are presented in Section VI, followed by conclusions in Section VII. The complete receiver circuit schematic is given in Fig. 2 and will be used to discuss each block.
II. LNA AND NOTCH FILTER DESIGN
There has been much interest in integrated high-frequency filters recently [1] - [13] . Some previous receiver designs used a separate LNA followed by an image-reject notch filter, or modified the LNA itself by placing a series resonant circuit at the cascode transistor's emitter [10] - [13] . In contrast, our approach modifies a conventional cascode LNA by adding a capacitor in parallel with the inductor , as shown in Fig. 3 [14] . This LC resonator is centered at the notch frequency and, therefore, presents a high impedance to the emitter of the driving transistor coupled through the transformer. A high impedance here means that the driver will have a very low gain (ideally, a zero gain) at the image frequency. Thus, the LNA will reflect the image. Below the resonance frequency, the emitter of will see an impedance close to that of . Thus, in the passband, the LNA will still look like an LNA with inductive degeneration.
Active circuitry is added to cancel losses in the LC resonator. A simple way to implement this is to add feedback in the form of a cell (the notch filter), as shown in Fig. 2(b) . The filter notch frequency is tunable by the use of varactors . Due to process variations, the current will need to be tuned as well, to ensure perfect cancellation of the resonator losses.
A. Image-Rejection Formulas
In the passband, and of Fig. 3 resonate and the impedance of the collector tank is , while and are below their resonance frequency and the impedance seen at the emitter of is roughly that of . In the stopband, the collector tank is above resonance, so its impedance is roughly that of , while the emitter tank is at resonance and its impedance is where is the combination of (the tank loss referred to the primary of the transformer) of the transformer) and (also referred to the primary of the transformer). Thus, the gain in the LNA passband and the 0018-9200/03$17.00 © 2003 IEEE gain in the stopband are given by
is generated by the notch filter cell, as shown in Fig. 2(b) , and has a value of where is the transconductance of and and, therefore, can be approximated as (3) where is the inductance ratio of the transformer in the emitter. Thus, the image rejection can be approximated as (4) This formula shows that the image rejection can be made infinite with proper adjustment of . However, even with perfect tuning, there will always be some finite amount of signal leakage through of . In this case, the minimum image rejection can be shown to be (5)
B. Filter Stability
The fundamental problem of filter stability is nontrivial: how to stabilize an LC resonator specifically designed to have infinite , since an LC oscillator design begins with a resonator with infinite [15] . The mechanism for damping the oscillation must come from either the source or load impedance. In previous work [10] - [13] , the cascode transistor provided damping for the resonator. In this circuit, the source impedance must damp the filter.
For perfect notching, negative resistance of Fig. 3 must equal tank losses referred to the secondary of the transformer so the optimal current [shown in Fig. 2(b) ] must be (6) To start an oscillation requires the negative resistance to be equal to the parallel combination of both the tank losses and the loading due to the emitter of . Therefore, for oscillations to start requires a current of (7) The ratio of these two currents is then given by (8) Thus, if the source resistance is smaller than the tank resistance, then the tank can be safely tuned to provide infinite and still have ample damping. However, if the tank resistance is smaller than the source resistance, then even a small error in tuning the tank to infinite could result in oscillation.
C. Linearity of the Filter
The filter resonator is part of the signal path, so if a very large signal is present on the resonator, performance can be degraded. Large signals will change the effective of the filter transistors and , and therefore, the negative resistance is changed and image rejection suffers.
If a transistor without degeneration is driven with a voltage source , then we can find the effective as
For small , this takes on the small-signal value of ; however, as the signal grows this value changes. Thus, with a resonator, the negative resistance is (10) where is the small-signal negative resistance. Since the voltage across the resonator is twice that across any transistor, at a resonator voltage of about , its effectiveness will degrade. At the image frequency, this corresponds to a maximum input level of about 100 mV. Because the transformer has a 2:1 turns ratio, the voltage across the resonator is halved. Note that linearity can be improved by adding degeneration resistors to and .
D. Noise Added Due to the Filter
Sources of noise in an LNA are base shot noise, collector shot noise, and base resistance. If we assume that noise comes from the driver transistor, then the noise figure (NF) of an LNA with a notching circuit would be approximated as shown in (11) at the bottom of the page, where is the impedance seen at the base of and is the collector current of . In addition, in the filter, active circuitry in the emitter will add extra noise. If we assume that the noise produced by the resonator is dominated by collector shot noise in the case of the resonator, then the output noise current is given by (12) This noise current is passed through the transformer, injected into the emitter of , then passed into the collector of . Therefore, the NF at the output with the notching circuitry is as shown in (13) at the bottom of the next page. This is the same as for an LNA except with an additional term due to . Thus, the LNA built with the filter can never be as quiet as a true LNA. Here, the transformer also helps performance by transforming the noise current produced by the notch filter circuitry to a lower value.
Note that in the case of a -enhanced bandpass filter, since the gain is very high, this noise current could produce a large output voltage. This same noise current in the case of notch filters will create a large noise voltage on the notch resonator, due to its high . However, the output voltage will be much lower due to the presence of a lower impedance.
E. Automatic -Tuning for the Notch Filter
Image-reject notch filters are little more than curiosities unless they can be tuned automatically on chip. The current through the resonator must be set precisely so that the losses (11) are perfectly cancelled to get a deep notch. In previous experiments, the notch was tuned manually by adjusting the current flowing through the resonator. Fig. 2 (c) shows a master VCO used to perform tuning. An automatic amplitude control (AAC) feedback circuit is used to adjust the current in the VCO so that it just barely oscillates. This is the point at which the losses are exactly cancelled. For a filter built with a similar resonator, the same bias applied to it will also exactly balance the losses and the notch will be at its deepest. The AAC loop is similar to that described in [16] . However, in this case the loop sets the VCO amplitude to zero rather than at a level optimal for phase-noise performance. The loop consists of a VCO core, voltage sensing transistors and , and a capacitor . sets the dominant pole in the control loop providing stability. The bias of and represents the only major difference between the loop used here and the one presented in [16] . In this case, they are biased to act as class-B amplifiers that turn on for half the cycle and steal current from the bias circuit. This scales back the current so that oscillations cannot grow significantly beyond zero amplitude. As well, it should be noted that the VCO includes a very small additional fixed capacitor in its resonator so that the VCO does not oscillate at exactly the image frequency. Thus, it is not injecting signal at the very frequency we are trying to remove.
III. VCO DESIGN
The basic VCO design is a cross-coupled topology, as shown in Fig. 2(d) . The main difference between this design and traditional designs is that the feedback is provided by a transformer rather than by directly coupling the bases to the collectors or by using capacitors in the feedback path [17] . Decoupling the base from the collector allows the voltage swing to grow larger than 0.8-V peak without forward biasing the collector-base junctions of and . Since the transformer is a 2:1 structure, this helps to reduce the swing on the bases of the transistors. Thus, the signal can grow to a larger level than in the case of capacitive decoupling. The transformer has the added advantage that the bias may be provided at the center tap, avoiding the need for RF blocking resistors. The removal of these resistors along with the addition of a capacitor on the bias line keeps the noise injected into the oscillator to a minimum.
The current through the oscillator is limited with the use of a resistor rather than a current source because the resistor needs much less headroom to accommodate it. As well, the resistor can be less noisy than a standard current source and uses less chip area than a tail filter [18] .
To keep the amplitude of the oscillation constant, clamping diodes were placed across the tank, preventing the amplitude from growing beyond about 1.8-V peak [19] . This also keeps noise from causing amplitude fluctuations in the oscillator.
These fluctuations would otherwise be modulated by the VCO and upconverted around the carrier, and therefore, converted into phase noise. Note that automatic amplitude control could be used with this VCO and has been demonstrated in [16] ; however, this was not included here. Buffers were included in the circuit so that the VCO would have a low output impedance to drive other circuits or test equipment without loading the tank and decreasing its .
Previously, linear analysis of oscillators has shown that phase noise (PN), described by Leeson's formula [20] , can be expressed as PN (14) where is the frequency of oscillation, is the quality factor of the resonator, is the offset frequency, describes the nonlinear effects and is nominally equal to [20] , [21] , is the excess noise factor [22] , and is the power at the oscillation frequency. In order to be complete, we must have a way to compute the value of for the oscillator.
If the transistor and bias were assumed to be noiseless, then the only noise present will be due to the resonator losses and it will have a noise power of . The switching transistors and the bias will add noise to this minimum. Considering the bias noise in the case of the oscillator, during transitions the transistors and act like amplifiers. Thus, collector shot noise from and dominates the noise during this time. When these transistors are completely switched on or off, noise will mainly come from the tail resistor as well as a reduced amount of noise from the transistors. If is the fraction of a cycle that the transistors are completely switched and is the noise current injected into the oscillator from the tail resistor during this time, then the ratio of the total input noise relative to the noise in the case of noiseless transistors and bias is (15) where is the equivalent parallel resistance of the tank, is the collector shot noise while the transistors are fully switched on, and is the collector shot noise during the zero crossings. Note that as the of the tank increases, increases and noise has more gain to the output, therefore increasing . Also note that to be more accurate this analysis should include a noise sensitivity function such as the one used by [23] , but this is omitted here for simplicity and due to the fact that over an oscillation cycle was found to be almost constant. This is illustrated with a simple ac noise simulation used to illustrate the major sources of noise over the course of a complete oscillation cycle, as shown in Fig. 4 . In the plot, the noise produced by the tank loss and the noise produced by other major noise sources is shown. Note that only the transistor noise sources for have been plotted, and the noise due to would be similar to the ones for . From inspection of the graph, it can be seen that the noise figure in this case should be approximately 3 dB, as the tank losses and other noise sources are almost equal. Using (14) results in a phase noise prediction of 117 dBc/Hz at 1-MHz offset for the VCO used in this paper.
Note that as well as Leeson's style noise, the VCO must also be optimized to ensure that low-frequency noise is not dominant in the design. In this case, the transformer primary shorts out low-frequency noise on the tank and the clamping diodes prevent amplitude fluctuations. Otherwise, both amplitude fluctuations and low-frequency noise would be upconverted by the varactors [24] .
IV. MIXER DESIGN
The LNA is coupled into the mixer with the use of another transformer [25] . The 2:1 turns ratio in this case is used to increase the current flowing into the quad transistors, thus, increasing the receiver gain. Bias current is provided through the transformer center tap. A voltage is developed across the collector resistors and output followers (not shown) are used to drive the measurement equipment. Capacitors are included here to remove high-frequency feedthrough of the RF or LO signals.
V. TRANSFORMER DESIGN
On-chip transformers in silicon are as yet not very common. They can, however, be extremely useful for low-voltage operation. Transformers are more complicated than inductors and, therefore, harder to model in many cases. A circular symmetric transformer with a turns ratio of 2:1 is shown in Fig. 5(a) . This structure is optimal for differential applications because both primary and secondary have a point of symmetry where a bias can be applied without affecting RF performance. Note also that a circular structure will provide the lowest loss, design rules permitting [19] . The actual dimensions of the structure can be optimized much the same as in the case of an inductor with the help of a simulator such as ASITIC [26] .
Traditionally, when transformers are measured and characterized, for the device is reported [27] . While correct, this leaves the circuit designer with little directly applicable information. It would be more useful instead to extract an inductance and for both windings and the coupling ( factor) for the structure. If the Z parameters are extracted from the measured S parameters, one can find the equivalent primary inductance and equivalent primary loss using the narrow-band model for the transformer shown in Fig. 5(b) and knowing that (16) Similarly (17) Thus, the inductance of the primary and secondary and the primary and secondary single-ended can be determined and are shown in the following equations:
The mutual inductance can also be extracted, as follows: (22) Additionally, the measured data can be used to fit a broad-band model such as the one shown in Fig. 5(c) . It is modeled as two inductors, but with the addition of coupling coefficient between them, and interwinding capacitance from input to output. Also, the inductors are broken in two so that the center tap for biasing both the primary and secondary can be included. Normally, test structures are measured as two-port structures with the other two ports grounded. Thus, the primary and secondary would each have one terminal grounded, and if the device is assumed to be symmetric, then this is sufficient to extract the transformer model.
VI. RESULTS
The entire receiver was fabricated in a 75-GHz SiGe bipolar process that featured a 3-m-thick top-level aluminum metal approximately 5 m from the Si substrate. The chip measured 1.2 mm 1.8 mm. A die photo is shown in Fig. 6 . The chip drew 21.6 mA from a 1.8-V supply excluding IF buffers. The RF passband was centered at 5.1 GHz with a gain of 19.8 dB. Thus, with a minimum attenuation of 39 dB in the stopband, this provides the receiver with a minimum image rejection of 59 dB. The noise figure of the receiver was 4.5 dB. This was slightly worsened due to the presence of the notch circuitry in the LNA, mainly due to collector shot noise of and . Simulations showed that the notch circuitry added about 1 dB to the system noise figure. The linearity was also measured and the receiver had a third-order input intercept point (IIP3) of 11.5 dBm and a 1-dB compression point of 21.1 dBm, which is reasonable for applications such as WLAN. Port-to-port isolation was good and is summarized in Table I with other receiver parameters. Note that due to the transformer terminals being inadvertently swapped in the simulation, the notch frequency was higher than intended (nominally, the LO was intended to operate at 6 GHz, and image was to be at 7 GHz) so the notch frequency tuning range does not line up with the image frequency even at the highest frequency the VCO can operate, which was only 5.6 GHz due to parasitic loading.
The transformer used in the receiver was characterized as a test structure in order to create a model to use in the receiver design. The factor for the transformer was 0.54 at 5 GHz. Fig. 7 shows the inductance and for the primary and secondary windings. As can be seen from the plot, the of the primary is about 10 at the frequency of interest, and the of the secondary is about 8. The inductance of the primary and secondary are about 1.7 and 0.7 nH, respectively, at 5.5 GHz. Thus, the structure geometry has been optimized so that its is highest in the 5-GHz frequency band of interest.
The VCO by itself drew 2.78 mA from a nominal power supply of 1.8 V. The circuit had a 600-MHz tuning range or about 12%. Measured phase noise was 116 dBc/Hz at 1-MHz offset. A plot of the phase noise is shown in Fig. 8 . This is extremely close to the predicted value. The VCO is also compared with designs presented in the literature, and Table II shows that the figure of merit (FOM) of this design is good compared with other published results.
The filter was also tested by itself, without the rest of the receiver. The circuit showed very good attenuation in the stopband between 39 and 47 dB. In this case, unlike previous circuits, no manual adjustment of the current was required to maintain the image rejection across the band. A plot of the filter response is shown in Fig. 9 . The notch was tunable between 8.2 and 8.6 GHz. A plot showing the voltage that can be tolerated by the filter before it starts to lose image rejection is shown in Fig. 10 . From this figure it can be seen that, for a voltage larger 
VII. CONCLUSION
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